247/250 words) 22 Certain bacterial species target the polysaccharide glycosaminoglycans (GAGs) of animal 23 extracellular matrices for colonization and/or infection. GAGs such as hyaluronan and 24 chondroitin sulfate consist of repeating disaccharide units of uronate and amino sugar residues, 25 and are depolymerized to unsaturated disaccharides by bacterial extracellular or cell-surface 26 polysaccharide lyase. The disaccharides are degraded and metabolized by cytoplasmic enzymes 27 such as unsaturated glucuronyl hydrolase, isomerase, and reductase. The genes encoding these 28 enzymes are assembled to form a GAG genetic cluster. Here, we demonstrate the Streptococcus 29 agalactiae phosphotransferase system (PTS) for import of unsaturated hyaluronan disaccharide. 30 S. agalactiae NEM316 was found to depolymerize and assimilate hyaluronan, whereas its mutant 31 with a disruption in PTS genes included in the GAG cluster was unable to grow on hyaluronan, 32 while retaining the ability to depolymerize hyaluronan. Using toluene-treated wild-type cells, the 33 PTS import activity of unsaturated hyaluronan disaccharide was significantly higher than that 34 observed in the absence of the substrate. In contrast, the PTS mutant was unable to import 35 unsaturated hyaluronan disaccharide, indicating that the corresponding PTS is the only importer 36 3 of fragmented hyaluronan, which is suitable for PTS to phosphorylate the substrate at the C-6 37 position. The three-dimensional structure of streptococcal EIIA, one of the PTS components, was 38 found to contain a Rossman-fold motif by X-ray crystallization. Docking of EIIA with another 39 component EIIB by modeling provided structural insights into the phosphate transfer mechanism.
INTRODUCTION
containing chondroitin sulfate A or C, or heparin. This indicates that S. agalactiae is active 145 against hyaluronan, but not the other three GAGs. The lack of chondroitin sulfate A and C 146 degradation was probably due to a low level of bacterial lyase activity toward chondroitin 147 sulfates. Similar to the wild-type strain, the PTS mutant exhibited a halo on 148 hyaluronan-containing plates (but not on those containing the other GAGs), suggesting that the 149 PTS is not essential for the degradation of hyaluronan. S. agalactiae GD201008-001 has been 151 shown to use hyaluronan as a sole carbon source for growth (31) . In addition, a S. pneumoniae 152 mutant with a disruption of the PTS genes in the GAG genetic cluster was unable to assimilate 153 hyaluronan (27) . Based on these observations, the hyaluronan assimilation of S. agalactiae 154 NEM316 ( Fig. 1B , upper) and its PTS mutant was investigated using hyaluronan-containing 155 minimum medium ( Fig. 3B ). S. agalactiae was found to grow on hyaluronan or glucose, whereas 156 no growth was apparent on minimum medium that lacked saccharide. In contrast, the PTS As S. agalactiae was found to degrade and assimilate hyaluronan, PTS activity was Table 1 . Phe106-Val109; L9, Gly123-Ile124; and L10, Cys130). In the overall structure, a parallel 219 β-sheet containing four β-strands (β1, β2, β3, and β4) is located at the center, and two (α2 and 220 α3) and three α-helices (α1, α4, and α5) are located so they pinch the β-sheet from both sides, 221 resulting in the formation of a Rossman-fold frame (Fig. 5A ). β1-4 and α1-4 are alternately 222 arranged and α4 is followed by α5 then β5. Gel filtration chromatography suggested that 223 EIIA ΔHA was smaller than a tetramer, and the biological asymmetric unit was shown to be a 224 dimer using PISA software (33) . In the dimer, the C-terminal β5s in adjacent monomers are 225 arranged to align with mutual β4s, and added to the parallel β-sheet located at the center of the 226 monomer, forming an antiparallel β-sheet. The ability of S. agalactiae to degrade and assimilate hyaluronan allows the measurement 230 of PTS import activity using an unsaturated disaccharide derived from hyaluronan degradation.
231
The PTS import of unsaturated hyaluronan disaccharide in bacterial wild-type cells grown in the 232 absence of hyaluronan was significantly higher than in controls using no substrate or GlcN6P; (47), indicating that the import system 301 may be common to the intestinal bacteria that are able to use GAGs.
302
In conclusion, this is the first report that confirms S. agalactiae PTS encoded in the GAG 303 genetic cluster is the importer of non-sulfated unsaturated hyaluronan disaccharides distinct from 304 sulfated GAG-fragments. 
